The INDETERMINATE1 gene, ID1, encodes a putative transcription factor that plays an important role in regulating the transition to flowering in maize. Mutant id1 plants have a prolonged vegetative growth phase and fail to make normal flowers. The ID1 gene, which encodes a nuclear-localized zinc finger protein, is expressed exclusively in immature leaves, suggesting that ID1 regulates a leaf-derived floral inductive signal. It is shown by western analysis with anti-ID1-specific antibody that ID1 co-localizes with ID1 mRNA in developing, immature leaves and, similarly, is absent in mature, photosynthetically active leaf blades, as well as the shoot apical meristem. Immunolocalization with anti-ID1 antibody shows that ID1 protein is detected in the nuclei of all cell types in immature leaves. Examination of plants grown in different day/night cycles revealed that ID1 gene expression and protein levels are largely unaffected by variations in light and dark, and that mRNA and protein levels do not follow a circadian pattern. The absence of ID1 expression in greening leaf tips coincides with the sink-to-source transition of developing leaves. It was found that ID1 levels are down-regulated in mature albino leaves similarly as in normal green leaves, suggesting that ID1 activity is controlled developmentally and is not affected by the sink/source status of the leaf or the inability of a mature leaf to engage in photosynthesis. The finding that ID1 expression is developmentally regulated and is unperturbed by external stimuli such as photoperiod supports the supposition that ID1 acts through the autonomous floral inductive pathway in maize.
Introduction
The switch from vegetative to reproductive growth marks an important change in the developmental programme of higher plants. This transition is manifested at the shoot apical meristem (SAM), a population of undifferentiated cells from which all vegetative and floral organs of the plant are derived. The floral transition represents a progression of meristem identity, i.e. from a leaf-producing vegetative meristem to a flower-producing reproductive meristem (McSteen et al., 2000) . Molecular mechanisms underlying the floral inductive process have been discerned largely through analysis of flowering-time mutants in the model plant Arabidopsis (Simpson and Dean, 2002) . Overall, genetic models and physiological studies have established that at least two major pathways operate to control flowering in higher plants, i.e. a pathway that integrates environmental signals, such as photoperiod, and an autonomous pathway that mediates signals based on endogenous cues, such as plant age or leaf number. For both pathways, inductive signals have been shown to originate in leaves and travel long distances through the phloem to the SAM to initiate flowering (reviewed in Bernier and Perilleux, 2005) .
INDETERMINATE1 (ID1) is the only gene identified so far that has a key role in controlling the transition to reproductive growth in maize. Plants homozygous for the loss-of-function id1 mutation remain in a prolonged vegetative state and exhibit a delayed transition to flowering, occasionally forming inflorescences with vegetative characteristics (Colasanti et al., 1998) . Expression analysis shows that ID1 mRNA is confined to immature leaf tissue and is not detected in the SAM. This suggests that ID1 may regulate a long-distance, leaf-derived florigenic signal (Colasanti and Sundaresan, 2000) . The ID1 gene encodes a protein that is the founding member of a plant-specific zinc finger protein family (Colasanti et al., 2006) . Members of this family contain four zinc fingers that make up the signature ID-domain (IDD) (Kozaki et al., 2004) . Biochemical analysis of ID1 and other IDD proteins shows that two of the four zinc finger motifs have unique DNAbinding properties (Kozaki et al., 2004) , suggesting that ID1 is a transcriptional regulator that controls the transition to flowering in maize.
Localization of the ID1 transcript to developing leaves suggests that the protein encoded by ID1 may either regulate the production or the transmission of the floral inductive signal. Alternatively, the ID1 protein itself may move through the phloem to the shoot apex to cause flowering. Although this latter scenario is less likely, recent reports of the intercellular movement of transcription factors suggests that this is a possibility (Kurata et al., 2005) . Directly relevant to the identification of the floral stimulus, recent findings have revealed that the mRNA of the Arabidopsis flowering-time gene, FLOWERING LOCUS T (FT) may induce flowering by moving from its site of synthesis in the leaves to act at the shoot apex (Huang et al., 2005) . Movement of the FT protein from leaf to apex via the phloem has also been proposed (Bernier and Perilleux, 2005; Corbesier and Coupland, 2005; Wigge et al., 2005) . The induction of FT expression in the leaf vasculature is mediated directly by the transcriptional regulator CON-STANS (CO). CO activity is controlled by signals from the circadian clock that denote long-day photoperiods that are inductive for flowering in Arabidopsis (Hayama and Coupland, 2003) . At present it is unclear whether an analogous system of floral regulation operates in all plants (Colasanti, 2005) . Some components of the CO/FT system are in place in rice, but the functional extent of this similarity is not known at present.
Many components are believed to feed into pathways that activate the leaf floral stimulus. Past research has suggested possible connections between flowering time and the sink-to-source transition. Sachs and Hackett (1983) first postulated that diversion of sucrose to the SAM might be an important component of the floral stimulus. Studies of the long-day plant Sinapis alba have found that an increase in shoot apex sucrose content is correlated with the exposure to a florally inductive long day (Bodson, 1977; Bodson and Outlaw, 1985) . This increase in sucrose in long days is reported to be delivered to the apex of S. alba from photosynthetic leaves, based on the measurements of phloem exudates in the stem below the apex (Lejeune et al., 1993) . Therefore an increase in assimilate/sugar supply to the shoot apex might be important for floral induction. Virtually nothing is known about the molecular mechanisms that link physiological changes, such as the sink-to-source transition, and the transition to flowering. The down-regulation of ID1 transcription in leaf blade tips coincides with the sink-to-source transition, therefore suggesting a possible connection between assimilate partitioning and flowering.
In this study, an anti-ID1-specific antibody is used to follow ID1 protein distribution within a developing maize plant and to compare the localization profile of ID1 protein with ID1 mRNA during development. Immunolocalization showed that ID1 protein is associated with all cell types in developing maize leaves, and not to any particular structure. Also northern and western analyses were used to ascertain whether ID1 protein accumulation is controlled at the transcriptional or post-translational levels under different light and dark conditions, as was found for the Arabidopsis CO protein (Valverde et al., 2004) . Finally, ID1 transcript and ID1 protein levels were analysed in normal plants and albino mutants to determine whether there is a possible link between ID1 activity and the sink-to-source transition in leaves.
Materials and methods

Plant materials and growth conditions
Plants [normal (wild-type) B73 inbred plants and id1-m1 mutants backcrossed 10 times into a B73 background] were grown in Promix soil in growth chambers at 27°C in the light and 23°C in dark conditions. For day-night entrainment, B73 inbreds were kept in growth chambers for 3 weeks under a 14 h day/10 h night cycle and tissue samples collected every 4 h for up to 2 d. Three plants were collected at each time point and used for individual experiments. Seeds segregating lemon white (lw1) albino mutants and normal green siblings were germinated in Magenta boxes with MS media [4.4 g l À1 Murashige and Skoog basal medium (Sigma), with or without sucrose, pH 5.7, 5.0 g agar]. Mature and immature leaf tissues were collected for RNA and nuclear protein extraction.
Genotyping of normal and id1 mutant maize plants For genotyping plants segregating the id1-m1 mutant allele, genomic DNA was isolated from individual plants as described previously (Colasanti et al., 1998) . Mutant and wild-type plants were identified by PCR with oligonucleotide primers specific for the ID1 gene (IdF: GAGCTCTGGGGGACTTGACTG and IdR: GGTTGCTTCA-GAATCACCCACTGTTC) and for the Ds transposon responsible for the id1-m1 mutation (DsR: GCTTTCTTGCATGGGAT-GGGCCTC) used under the following amplification conditions: 94°C/2 min, followed by 40 cycles of 94°C/45 s, 62°C/1 min, 72°C/2.5 min.
Onion epidermal cell bombardment A GUS:ID1 fusion construct was made by cloning the 1.46 kbp BamHI/XhoI fragment of the ID1 cDNA into BglII/SalI-cut plasmid pTEX3, a derivative of pRTL2-GUS. This puts all but the first 18 amino acids of the ID1 coding region in frame with the coding region of the b-glucuronidase (GUS) gene. Epidermal layers of white onion (Allium cepa) were placed onto 1% water agar plates and bombarded with 10-20 lg of purified recombinant plasmid precipitated onto gold particles (Bio-Rad, Hercules, CA, USA) at 70 kg cm À2 with 404 Wong and Colasanti a PDS-100 helium biolistic particle delivery system (Bio-Rad). Bombarded tissue layers were incubated overnight at room temperature with 1 mg ml À1 X-gluc (5-bromo-4-chloro-3-indolyl-b-Dglucuronide) in 100 mM sodium phosphate/0.1% Triton X-100 solution, pH 7.0. To stain nuclei, bombarded layers were incubated with 75 lg ml À1 DAPI (4#,6-diamidino-2-phenylindole) for 30 min and visualized under UV light.
RNA extraction and northern analysis Total RNA and mRNA were extracted from maize tissues as described previously. For all northern blots, 1.0 lg of poly (A) + mRNA was electrophoresed on 1.1% agarose gels in formaldehyde buffer and probed with various gene-specific probes as described (Colasanti et al., 1998) .
Nuclear protein extraction and western analysis Extracts of maize tissues enriched for nuclear proteins were prepared by a modification of the technique described by Steinmuller and Apel (1986) as described previously (Colasanti et al., 2006) . The amount of protein in each sample was measured with a protein assay kit (Bio-Rad) and also run on 11% polyacrylamide gels stained with Coomassie blue.
Equal amounts (from 50 to 100 lg) of nuclear-enriched protein extracts or cytoplasmic fraction were suspended in Laemmli loading buffer (80 mM TRIS-HCl, pH 6.8, 2% SDS, 10% glycerol, 10% bmercaptoethanol, 0.02% bromophenol blue), heated at 95°C for 5 min, and loaded onto duplicate 11% SDS-polyacrylamide gels. Proteins of one gel were transferred to PVDF (polyvinylidene fluoride) membrane (Bio-Rad) in Towbin buffer (25 mM TRIS base/ glycine/10% methanol) with a Panther semi-dry electroblotter (Owl Scientific). The other gel was stained with Coomassie blue and destained in 7% acetic acid/25% ethanol (v/v). For each experiment, western blot and Coomassie blue gels were repeated a minimum of three times. For western blots, membranes were blocked in PBS-T buffer (phosphate buffered saline, pH 7.5, in 0.1% Tween-20) with 5% non-fat milk powder for 1 h at room temperature. Membranes were incubated with primary antibodies (1:1000 dilution for anti-ID1, 1:200 dilution for anti-KN1, 1:2000 for anti-CDC2) in PBS-T for 2 h at room temperature followed by horseradish peroxidase-conjugated goat anti-rabbit antibody at 1:10 000 dilution (Amersham Biosciences) for 2 h. Blots were washed in PBS-T and visualized by chemiluminescence using SuperSignal West Pico chemiluminescent substrate (Pierce) according to the manufacturer's instructions, and exposed to XAR5 film (Kodak-Scientific Imaging).
Sectioning and immunolocalization of wax-embedded tissues
Sections of immature leaves from a region 5-6 cm above the shoot apex (i.e. corresponding to region 'C' in Fig. 2 ) and sections through the shoot meristem were dissected from V7-stage wild-type B73 and id1-m1/id1-m1 mutant plants and incubated in fixation buffer (3% paraformaldehyde in 50 mM PIPES, pH 7.0) under vacuum at 4°C overnight immediately after collection. Tissues were washed three times with 50 mM PIPES (pH 7.0) for 10 min at room temperature and dehydrated through an ethanol series at room temperature for 1 h each followed by ethanol/tertiary-butyl alcohol (EtOH/TBA) infiltration at 4°C and then 90%, 95%, and 100% EtOH sequentially for 1 h each, fresh 100% EtOH for 2 h and 1:1 100% EtOH/TBA for 2 h, then 1:3 100% EtOH/TBA overnight. Infiltration was continued next day, twice with 100% TBA for 2 h, followed by 1:1 TBA/ paraffin oil for 2 h, and TBA in paraplast plus (Fisher Scientific) for 3 d at 60°C. Lastly, 100% paraplast was used for infiltration and tissues were embedded into a mould with fresh paraplast. Trimmed tissues were cut into 10 lm sections with a Leica RM 2265 microtome and mounted onto charged slides (Probe-On Plus, Fisher Scientific).
For immunolocalization, immature leaf section slides were dewaxed by CitriSolv (Fisher Scientific) and subjected to an ethanol/ water series of 100% to 20%. After immersion in PBS for 15 min, slides were blotted dry and incubated with proteinase K solution (Dakocytomation, Carpenteria, CA, USA) for 3 min and rinsed with PBS, followed by blocking solution (PBS+10 mg ml À1 BSA). Treated slides were incubated in blocking solution for 2 h and rinsed three times in blocking solution for 10 min each, followed by incubation in alkaline phosphatase-linked anti-rabbit secondary antibody (Dakocytomation) diluted 1:2000 in blocking solution for 2 h in the dark. After rinsing in blocking solution, NBT+BCIP substrate (Dakocytomation) was applied to slides for 3 min in the dark for staining and washed three times with deionized water. Immunolabelled slides were dehydrated in an ethanol series and then CitriSolv and then mounted under glass coverslips sealed with nail varnish.
Sectioning and immunolocalization of LR white resin-embedded tissues
Sections of immature leaves were fixed as described above for wax embedding. After dehydration, tissues were infiltrated overnight in a series of ethanol/LR white resin (London Resin Company, UK) for 1 h each with increasing concentrations of resin; 2:1 100% ethanol/ LR white resin, 1:1, 1:2, and finally 100% LR white resin. Next day infiltration was continued with 100% LR white resin for 3 d, and tissues were polymerized with fresh LR white resin at 60°C for 2 h until hardened, put on wooden blocks, and sectioned into 3 lm sections by microtome and mounted on ProbeOn Plus slides.
For immunolabelling, slides with tissue sections were incubated in PBS for 5 min, blotted dry, placed in a humid chamber, and incubated with proteinase K solution (Dakocytomation) for 5 min and rinsed three times with PBS, followed by blocking solution (PBS+10 mg ml À1 BSA). Slides were then incubated overnight in primary anti-ID1 antibody (1:150) in blocking solution at 4°C, rinsed in blocking solution, and then incubated in 1:2000 alkaline phosphatase conjugated anti-rabbit secondary antibody (Dakocytomation) for 3 h in the dark at room temperature. After two rinses in blocking solution and then 10 mM TRIS-HCl, NBT+BCIP substrate system (Dakocytomation) was applied to the slides and incubated for 5 min in the dark. After three 3 min washes with deionized water slides were mounted in immersion oil and sealed with coverslips with nail varnish. Images of stained slides were taken with a Retiga 1300R digital camera mounted on a Leica DM LS2 microscope.
Results
ID1 protein is localized to nuclei of developing leaves
ID1 mRNA is confined to a specific region of developing leaves that includes a zone 1-2 cm above the shoot apex and extends to the distal leaf tip, but does not include greening leaf blade tips that have emerged from the whorl (Colasanti et al., 1998 ). An anti-ID1-specific anti-peptide antibody was used for western analysis to determine the distribution of ID1 protein in the developing maize shoot at different developmental stages. Western blots of samples enriched for nuclear proteins taken from plants at the floral transition stage showed that ID1 protein is concentrated in nuclei and is not detected in cytoplasmic extracts (Fig. 1A ). This western analysis shows that, in agreement with previous northern expression analysis, ID1 protein is similarly detected in immature leaf tissue and is absent in mature Maize ID1 expression during development 405 leaves and the shoot apex. By comparison, the KNOTTED1 transcription factor protein was detected in nuclei of shoot apical region cells and the cell-cycle protein CDC2 (Colasanti et al., 1991) is present in both nuclei and cytoplasm, but at much lower levels in mature leaves, which have fewer actively dividing cells (Fig. 1A) . Further evidence that ID1 is a nuclear protein was demonstrated by bombardment of onion epidermal cells with a plasmid containing the b-glucuronidase (GUS) reporter gene fused in frame with the ID1 coding region, with expression driven by the cauliflower mosaic virus (CaMV) 35S promoter. As shown in Fig. 1B , the GUS:ID1 fusion protein localizes to nuclei and is not detected in cytoplasm of onion epidermal cells.
Next, a developmental profile of ID1 protein levels was created for maize plants during the vegetative growth phase, from soon after germination up to the floral transition. Nuclear proteins were extracted from immature and mature leaves of inbred B73 plants starting with plants at 3 d after germination (3 DAG) and at several developmental stages, until all leaves had been initiated (24 DAG) in plants with seven visible leaves (V7). Inbred B73 seedlings with seven visible leaves were dissected and found to be at, or near, the stage of transition to flowering (24 DAG/ V7 in Fig. 2) , i.e. a full complement of leaves is initiated, signifying the completion of the vegetative stage (Colasanti et al., 1998) . Western analysis with anti-ID1 antibody showed that ID1 protein is detected in vegetative shoots as early as 3 DAG in the emerging coleoptile and nascent shoot (Fig. 2) . At this early stage it was not possible to discern whether ID1 protein is present in the apical meristem, within the shoot as well as in immature leaves, because of the small size of this structure. At later stages it was possible to dissect the growing plant more finely and to determine relative ID1 protein levels in the shoot. As early as 6 DAG, when two true leaves had emerged, ID1 protein was detected only in a region of the shoot that contained immature leaves, but not in young green leaves (Fig. 2) . The specific localization of ID1 protein to immature leaves was retained in V3-and V5-stage seedlings, as well as V7 plants at the floral transition stage (Fig. 2) . Further, in these larger plants it was possible to show that ID1 protein is not detected in a 1 cm shoot region that contains the SAM (Ap in Fig. 2 ). The shoot region above the apex that contains the whorl of immature leaves was dissected into 2 cm sections from V3, V5, and V7 plants. Western analysis showed that ID1 protein levels are highest in the central region of the shoot. That is, in V3 plants the central 'B' section had the greatest amounts of ID1 protein, whereas the 2 cm sections below and above it, 'A' and 'C', respectively, had lower ID1 levels. This distribution pattern is maintained in V5 and V7 plants in that the central immature leaf sections had the highest levels of ID1 protein (Fig. 2 ). In all plants tested, ID1 protein was not detected in blades of green leaves that had emerged from the whorl. Therefore, similar to the expression pattern of ID1 mRNA, ID1 protein levels decrease and become undetectable as leaves emerge from the whorl and become photosynthetically active. ID1 protein was not detected in sheaths of mature leaves, roots, and inflorescences (data not shown). Overall, these results show that ID1 protein is present exclusively in immature leaf tissue at all stages of plant growth.
ID1 protein is localized to nuclei of all cell types in developing leaves
Immunolocalization with anti-ID1 antibody was used to determine the cellular location of ID1 protein within developing leaves. Transverse sections of shoots containing immature leaves rolled up inside were taken from B73 plants at or near the floral transition (i.e. with seven to eight visible leaves) in the central region with the highest levels of ID1 protein, approximately 6 cm above the shoot apex. Transverse sections were also taken from the SAM and included surrounding leaf primordia. Immunostaining showed that ID1 protein is localized to the nuclei of all cell types in developing leaves, including mesophyll, bundle sheath, and provascular cells, as well as epidermal cells (Fig. 3A, C) . It was not clear whether ID1 protein levels are higher in any particular cell type, although immunolocalization of thinner leaf sections of LR white resin-embedded tissues suggest that ID1 protein may be more prevalent in regions surrounding immature small vascular bundles (Fig. 3C) . However, this may be due to the higher concentration of nuclei in these regions. ID1 is detected in nuclei of both mesophyll and bundle sheath cells, further suggesting ID1 is equally distributed between both photosynthetic cell types in maize. Immunostaining of SAM sections largely concur with the western blot and previous mRNA studies in that the highest levels of ID1 protein and mRNA are found in immature, developing leaves. However, a very low level of protein was detected by immunostaining in the central region of the meristem (Fig. 3B) . Similarly, contrary to what was found with western blots (Fig. 2) , a low level of ID1 protein is detected in nuclei in cells of leaf primordia surrounding the apex. These possible differences between western blotting and immunolocalization are discussed below. . Blue rectangles on plant graphics above each blot indicate the parts of the plant used for nuclear protein extraction. Red triangles show the approximate position of the shoot apical meristem within each plant. 'S' corresponds to samples from 3 DAG plants which include the coleoptile and shoot within, including the shoot meristem. In 6 DAG/V2 plants samples were taken from the shoot region immediately above, but not including, the shoot apical meristem (Ap). Proteins were extracted from the green portions of the first two true leaves (L1 and L2) of V2 plants. In 8 DAG/V3 plants, levels of ID1 protein are highest in the immature leaves of the 2 cm shoot portions (A-C), but it is not detectable in the region surrounding the shoot meristem (Ap) or in the youngest mature green leaf (L3). In older plants (V5 and V7), nuclear proteins were extracted from 2 cm shoot sections (A, B, C, etc.) of inner stems or from a 1 cm region surrounding the apical meristem (Ap), as well as from the youngest leaf of each plant (L5 and L7). Older leaves surrounding the stems (drawn with dotted lines) were removed.
Maize ID1 expression during development 407 follow a circadian pattern. For expression analysis, B73 plants were grown under typical long-day conditions of 14 h days and 10 h nights for a 3 week entrainment period until the V7 floral transition stage was reached (Fig. 4A) . At this point half of the plants were transferred to constant light conditions and the rest were kept under the day/night cycle. Samples of immature leaf tissues (corresponding to shoot sections B-D in Fig. 2 ) were taken at various time points for the next 24 h and mRNA was extracted from each plant for northern analysis. As shown in Fig. 4A , ID1 transcript levels exhibit slight fluctuations over this period but do not vary significantly or consistently. For example, comparison of ID1 mRNA levels at 18 h and 22 h in plants grown in continuous light and long day-grown plants show a slight decrease in ID1 transcript in the 18 h long-day plants; however, at 22 h the long-day plants have higher levels than continuous light-grown plants. For comparison, expression levels of several other genes were examined by stripping and reprobing the northern blots. The probes included an ID1 gene homologue from maize, ZmIDDveg7, which has a broader expression range than ID1 and is detected in most tissues (Colasanti et al., 2006) . ZmIDDveg7 mRNA expression followed the same pattern as ID1 (Fig.  4A ). Other control genes included the maize CDC2 cell cycle gene, which is expressed in tissues with actively dividing cells (Colasanti et al., 1991) and the HCF106 gene, which is expressed in leaf tissues (Martienssen et al., 1989) . Overall, ID1 mRNA accumulation does not appear to be affected by light or dark conditions or fluctuate with a noticeable rhythmic pattern.
ID1 protein was then examined over the course of two long days (16 h day/8 h night) to ascertain whether its accumulation in growing plants varies due to light or dark conditions. For western analysis, nuclear proteins were extracted from immature leaf sections of B73 plants at the V7 floral transition stage every 4 h for 48 h. Each blot was repeated with three individual plants for each time point and protein loaded in parallel with Coomassie-stained gels to confirm equal amounts of protein were present. Similar to the results from the northern analysis, ID1 protein levels remained constant throughout the 48 h time period in plants grown in light/dark conditions. Therefore ID1 protein levels are relatively stable over the course of one day in both light and dark conditions. This further suggests that ID1 protein levels do not fluctuate with a circadian pattern. In addition, examination of ID1 protein levels in mature leaf tissues at each time point showed no ID1 protein detected (data not shown).
ID1 expression is not linked to the sink-to-source transition
The reduction in ID1 mRNA in distal ends of greening leaf blades coincides with the transition of the leaf from a sink to a source tissue. The basipetal maturation of expanding leaves results in the leaf tips becoming net carbon exporters, while the basal, less-developed portion of the leaf is a carbon sink (Turgeon, 1989 ). An examination was carried out to see if changes in ID1 levels in developing leaves are associated with the transition from sink to source or if ID1 levels are down-regulated as part of the normal leaf developmental programme. For this analysis, maize lemon white (lw1) albino mutants that lack chlorophyll and therefore are unable to synthesize sugars through photosynthesis were used (Neuffer et al., 1997) . All tissues in albino plants such as lw1 mutants remain as carbon sinks, with sugars supplied by the breakdown of starch in the endosperm. Because of the large maize endosperm, such albino mutants are able to produce three or four expanded leaves before the nutrient supply is exhausted and the plant dies (Fig. 5A) . Plants segregating lw1 albino mutants were germinated in Magenta boxes on MS media with or without sucrose, although the addition of sucrose did not extend the life span of albino plants (data not shown).
Expression of ID1 was examined in immature and mature leaves of green and albino mutants, as well as four other Maize ID1 expression during development 409 maize zinc finger encoding genes of the IDD gene family (Colasanti et al., 2006) for comparison. Immature leaf samples included the shoot section from 1 cm to 5 cm above the shoot apex, a region found to have the highest levels of ID1 expression in plants at this stage (Fig. 2) , and did not include outer sheath leaves. Mature leaf samples included the first three leaf blades of green or albino plants that had emerged from the whorl. As shown in Fig. 5B , ID1 mRNA is present in immature leaves of both green and albino seedlings, although expression is lower in albino plants. All other ZmIDD genes tested were expressed in both mature and immature leaf tissues (Fig. 5B ). ZmIDDveg7 appears to be expressed equally in green and albino plants. The ID1 mRNA expression domain does not expand into the mature leaf blades of albino plants, and has the same expression pattern as in normal green plants, suggesting that downregulation of ID1 expression in leaf tips is not associated with the source/sink status of the leaf.
To analyse the levels of ID1 protein in these plants, nuclear proteins were extracted from immature leaves and mature leaf tissues of both the albino mutants and green siblings as was done for northern analysis (Fig. 5C ). Western analyses showed that ID1 protein is detected only in immature leaves but not in the mature leaf blades of either albino or green plants (Fig. 5C ). Dissection showed no differences in the number of immature leaves within the whorls of albino and green plants grown with or without sucrose, showing that differences in protein levels are not due to different amounts of leaf tissue (data not shown). This suggests that ID1 protein is present in immature leaves of both green and albino plants, and that protein levels are not altered as the leaf makes the transition from sink to source tissue. It is interesting to note that immature leaves of albino plants grown in the absence of added sucrose (i.e. 0% sucrose) had very low or undetectable levels of ID1 proteins, whereas albino plants grown in the presence of sucrose in the media had similar amounts of ID1 protein as found in immature leaves of green plants (Fig. 5C ) (see Discussion).
Discussion
ID1 protein co-localizes with ID1 mRNA in developing leaves ID1 protein levels were examined throughout shoot development to determine whether they coincide with the expression pattern of ID1 mRNA. The rationale for undertaking this analysis was inspired by the possibility that some transcription regulators have the capacity to move from their site of synthesis to other plant cells and tissues (Jackson and Hake, 1997; Sessions et al., 2000; Kim et al., Fig. 5 . The sink-to-source transition does not affect ID1 expression or ID1 protein accumulation. (A) Photograph of a normal green seedling (left) and a lemon white (lw1) mutant albino sibling (right) at the three-leaf stage. The red bracket indicates the region of immature leaf, 2-6 cm above the shoot apex, from which RNA and protein were extracted and used for the analysis. All visible leaf blades from green and albino plants were used for each mature leaf sample. (B) ID1 expression analysis in immature leaves (IL) and mature leaves (L) from green and albino plants. ID1 mRNA levels are compared with expression of four related ID1 genes from maize, ZmIDDp1, ZmIDDp10, ZmIDDveg7, and ZmIDDveg9 (Colasanti et al, 2006) . (C) Western analysis of ID1 protein levels with anti-ID1 antibody in mature leaf (L) and immature leaf (IL) in green (grn) and albino lw1 mutants (alb) grown in 0% and 1% sucrose.
2005). In most of these cases, transcription factor movement occurs over a short distance through a few cell layers. Although long-distance movement of transcription factor proteins has not been reported, movement of a functional KNOTTED-like homeobox gene fusion transcript from leaf to SAM through the phloem of a graft junction was reported in tomato (Kim et al., 2001) . Directly relevant to long-distance floral inductive signals, a recent study provided compelling evidence that the transcript of Arabidopsis flowering-time gene FLOWERING LOCUS T (FT) moves from its site of synthesis in the leaf via the phloem to the shoot apex (Huang et al., 2005) . At the apex it was shown that the product of the FT gene interacts with a bZIP transcription factor protein, FD, and together the FT/FD complex activates genes that cause the transition to flowering (Abe et al., 2005; Wigge et al., 2005) . The possibility that FT protein itself moves from leaf to apex has also been proposed but it has not yet been shown experimentally (Bernier and Perilleux, 2005; Corbesier and Coupland, 2005) . The small size of the FT protein (c. 20 kDa) makes it a possible candidate as a phloemtravelling signal, given that macromolecules of this size have been shown to move from source to sink via the assimilate stream . Further, a recent report of FT protein present in Brassica phloem sap supports the possibility that this protein can move long distances (Giavalisco et al., 2006) . These findings have led to the proposal that the FT transcript and/or protein is the elusive 'florigen' that has been postulated to exist based on numerous physiological experiments (Zeevaart, 2006) .
At present there is no evidence of a maize FT orthologue that is synthesized in leaves and acting at the shoot apex to cause flowering. ID1, the only gene known to control flowering in maize, is also expressed mainly in leaves. The location of the ID1 protein was analysed to determine if it might migrate from its point of synthesis in immature leaves. Through western analysis and immunolocalization it was found that the highest levels of ID1 protein are present in immature leaf tissue and therefore it co-localizes with ID1 transcript (Fig. 3) , in agreement with previous northern analyses (Colasanti et al., 1998; Colasanti and Sundaresan, 2000) . Immunolocalization analysis further showed that ID1 protein is present in the nuclei of all cell types in developing maize leaves. Although ID1 protein levels appear to be higher in cells of provascular tissues, this may be due to the clustering of cells with small vacuoles in this region of developing phloem tissue. Given that ID1 protein is detected in developing phloem tissues, it is conceivable that a small amount of ID1 protein could migrate from leaves to the shoot apex to regulate genes that cause flowering. Huang et al. (2005) reported that the level of FT mRNA at the apex was at least two orders of magnitude less than the amount of FT transcript in leaves. Very low levels of ID1 protein may be present at the shoot apex, as shown by immunolocalization (Fig. 3B) , but the nature of this sort of analysis does not indicate whether ID1 protein is active in the meristem. However, the possibility that ID1 protein migrates through the phloem to function at the shoot apex seems less likely, given that genetic analysis of chimeric maize plants supports the hypothesis that ID1 acts in the leaves to regulate the production or transmission of a floral inductive signal (Colasanti et al., 1998) . Localization of ID1 protein predominantly to leaf tissue supports this hypothesis, although functional analysis would be required to verify whether ID1 acts exclusively in leaves. Nevertheless, the movement of small amounts of functional ID1 protein from leaf to apex remains an intriguing possibility.
Growth under varying light and dark conditions has no effect on ID1 transcript and ID1 protein levels
In many plants floral induction is controlled by environmental conditions that signal the best time for reproductive development. Genetic analysis of flowering-time mutants in Arabidopsis has identified several distinct floral induction pathways (Simpson and Dean, 2002) . The photoperiod response pathway mediates signals from long-day conditions that greatly accelerate flowering in many ecotypes of this species. A key component of the photoperiod pathway is the CO gene, which encodes a zinc finger protein that promotes transcription of flowering time genes (SuarezLopez et al., 2001) . The activity of CO is controlled at several levels. First, CO mRNA follows a basic endogenous circadian pattern (Suarez-Lopez et al., 2001) . Secondly, CO activity is controlled by a post-translational degradation mechanism where CO protein is stable when synthesized in the light, but degraded by the proteasome in the dark cycle (Valverde et al., 2004) . Therefore the levels of CO transcript and protein produced at specific times in the day are critical for transducing signals of the long-day photoperiod (Searle and Coupland, 2004) . The patterns of ID1 expression were investigated further because there are several similarities between CO and the maize ID1 gene. First, both encode transcriptional regulators that are important for the transition to flowering. Secondly, CO and ID1 both act in leaf tissue to promote signals that are transmitted to the shoot apex to cause flowering. However, the similarities between CO and ID1 appear to be superficial. Examination of ID1 expression under various light regimes demonstrates that ID1 mRNA and ID1 protein levels, unlike CO mRNA and protein, remain relatively constant under different photoperiods and do not follow a circadian expression pattern.
The relative levels of ID1 during development, and under different light regimes, may be a reflection of the floral inductive pathway that is prominent in temperate maize. That is, whereas Arabidopsis is a facultative long-day plant that flowers more quickly under long days, maize grown in temperate regions, including the B73 inbred used in this study, is essentially day neutral and will flower at the same time, regardless of day length (Galinat and Naylor, 1951) .
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Although Arabidopsis and maize both utilize autonomous floral inductive pathways, in temperate maize this pathway seems to be the fundamental determinant of flowering time, and most likely was a key factor in the northward migration of maize. The finding that ID1 expression is largely unperturbed by changes in light and dark supports our original supposition that ID1 mediates endogenous cues from an autonomous signalling pathway in maize (Colasanti and Sundaresan, 1996) . In addition, the finding that ID1 is detected in immature leaves at all stages of growth, as early as 3 d after germination, provides further support that it may regulate an autonomous signal. Therefore an undiscovered internal signal, perhaps dependent upon plant size or leaf number, may be regulating the expression and activity of ID1, which in turn stimulates flowering.
ID1 expression follows a developmental pattern and is not affected by the sink-to-source transition ID1 has a unique expression pattern that is unlike any other flowering-time gene or, indeed, any maize gene described so far. In this study it has been shown that, similar to ID1 transcript, ID1 protein is limited to developing leaves, providing further evidence to support the hypothesis that ID1 activates a leaf-derived floral inductive signal (Colasanti et al., 1998) . It is interesting to note that the downregulation of ID1 in the distal portions of leaves as they emerge from the whorl is strongly correlated with the sinkto-source transition. This transition, which is a key event in leaf formation, progresses in a basipetal pattern from leaf tip to leaf base. The sink-to-source transition can be visualized in leaves fed with 14 CO 2 , i.e. labelled photosynthate is absent from leaf tips as they cease importing fixed carbon and begin actively to export it . Albino mutant plants were used to determine whether there is a functional correlation between ID1 accumulation and the ability of leaves to export assimilates. The finding that ID1 mRNA and ID1 protein levels are down-regulated in a similar pattern in albino and green leaf tips at the same stage of development shows that the conversion of a leaf to a net carbon exporter does not affect ID1 accumulation. Therefore the expression of ID1 is controlled developmentally and is not linked to leaf carbon status.
At the cellular level the sink-to-source transition in leaves is associated with a change in the structure of plasmodesmata between companion cells and sieve tube elements (Oparka et al., 1999) . Such an alteration in intercellular permeability may determine the types or sizes of macromolecules that can flow from source to sink tissues. Given that ID1 may act by controlling the transmission of leafderived floral-inductive signals from leaf to apex, it seemed a good idea to test if there was a connection between ID1 accumulation and this particular change in leaf structure. However, expansion of ID1 transcript or protein into mature albino leaves that lack photosynthetic capability and thus do not export fixed carbon was not observed. Therefore ID1 activity is under the control of an unknown developmental signal. The inability of a leaf to export carbon, however, does not preclude developmental changes that are required for this export. Albino tobacco leaves, although incapable of photosynthesis and therefore unable to act as source tissue, cease importing carbon at the same time as normal green leaves (Turgeon, 1984) . Therefore developmental changes associated with the sink-to-source transition occur in non-photosynthetic leaves, regardless of their ability to export assimilates (Turgeon, 2006) . In maize, the export of assimilates out of source leaves appears to be associated with changes in plasmodesmata structure . Whether loss of ID1 activity alters the ability of leaves to export sucrose and other macromolecules, by affecting structural changes in intercellular connections, remains to be determined.
The interest in exploring a possible connection between ID1 activity and the sink-to-source transition is based on reports that sucrose movement to the shoot apex may play a role in transition to flowering (Corbesier et al., 1998; Ohto et al., 2001; Bernier and Perilleux, 2005) . Examples include reports of delayed flowering in tobacco by decreasing the source strength of leaves (Tsai et al., 1997) and accelerating flowering in Arabidopsis by increasing sink strength of the shoot apex by ectopic expression of a cell wall invertase (Heyer et al., 2004) . The present results do not provide evidence of ID1 controlling flowering by affecting carbon partitioning; however, a curious and unexpected finding was that levels of ID1 expression are affected by sucrose in albino plants. There is no explanation for this result; however, preliminary studies show that other sugars, including hexoses, have a similar effect (AYM Wong and J Colasanti, unpublished results). Experiments aimed at investigating this phenomenon are in progress.
The role of ID1 in controlling flowering in maize A unique feature of the ID1 gene is the restriction of its expression to immature leaves of developing maize plants (Colasanti et al., 1998) . This finding, in combination with genetic analysis of chimeric maize plants, has led to speculation that the ID1 gene product is involved in regulating the production or transmission of a leaf-derived longdistance floral inductive signal (Colasanti and Sundaresan, 2000) . In this study, the localization pattern of the ID1 gene product was examined at different developmental stages and under various growth conditions. Overall, several attributes of ID1 activity and regulation have been identified. First, ID1 protein is localized to nuclei of immature leaf cells, providing further proof that the ID1 zinc finger protein acts as a regulator of gene transcription. Secondly, ID1 protein co-localizes with ID1 transcript, and there is no clear indication that ID1 regulatory protein moves from its site of synthesis to function elsewhere in the plant, as was found for several other transcription factors. Thirdly, levels of ID1 transcript and its translation product are fairly constant, are not affected by different light treatments, and do not appear to be regulated by circadian cycles. Similarly ID1 localization to immature leaf tissue is not altered by changes in the sink/source status of a leaf.
Overall, the transition to flowering in higher plants is a complex process that involves inputs from several sources, including environmental signals such as photoperiod and temperature, and endogenous signals such as plant size and age. It has been proposed that the ID1 gene acts in an autonomous pathway to control flowering in dayneutral maize (Colasanti and Sundaresan, 1996; Colasanti, 2004) . The present findings that ID1 expression is unperturbed by external stimuli such as photoperiod support this idea.
